Signature-tagged mutagenesis (STM) is a powerful technique that can be used to identify genes expressed by bacteria during exposure to conditions in their natural environments. To date, there have been no reports of studies in which this approach was used to study organisms of environmental, rather than pathogenic, significance. We used a mini-Tn10 transposon-bearing plasmid, pBSL180, that efficiently and randomly mutagenized Desulfovibrio desulfuricans G20 in addition to Shewanella oneidensis MR-1. Using these organisms as model sediment-dwelling anaerobic bacteria, we developed a new screening system, modified from former STM procedures, to identify genes that are critical for sediment survival. The screening system uses microarray technology to visualize tags from input and output pools, allowing us to identify those lost during sediment incubations. While the majority of data on survival genes identified will be presented in future papers, we report here on chemotaxis-related genes identified by our STM method in both bacteria in order to validate our method. This system may be applicable to the study of numerous environmental bacteria, allowing us to identify functions and roles of survival genes in various habitats.
Microbial survival in a habitat is subject to both biotic and abiotic influences and ultimately depends on the organism's ability to respond to prevailing environmental stresses. This response is believed to involve expression of genes that confer specific "stress response" capabilities on the cells. These functions can involve a variety of biochemical or structural features useful for the microorganism's survival. For example, sediment-dwelling microorganisms can detoxify their surroundings by reducing certain metals to less soluble forms (13, 29, 31, 53) . With our current knowledge of the importance of gene expression in response to environmental factors, many essential biological events that occur in situ are most likely missed during studies of laboratory cultures. As well, there has been no way to prove that cell functions observed in the laboratory are important for the organism when it is growing in the natural environment. Recognition of this problem has been pronounced in many fields, but significant progress in addressing this issue has been made only in studies of bacterial pathogens and some commensal organisms (16) . This work has allowed for studies of bacterial genes as the organisms are growing within the host. One of the most widely used techniques for identification of genes directly involved with in situ survival of the organism is signature-tagged mutagenesis (STM).
STM requires the generation of oligonucleotide-tagged mutants, the incubation of these mutants in the natural environment, and finally, identification of nonsurviving mutants by observing the loss of their corresponding tags by using a hybridization approach. The first STM study demonstrated the potential for identifying genes essential for survival of Salmonella enterica serovar Typhimurium in the infected host model (mouse) (19) . Since this seminal article, increasing numbers of reports of studies that have further exploited this approach for studying the in vivo survival of pathogenic microorganisms (8, 14, 16, 26, 27, 34) and commensal bacteria (18, 21) have appeared each year. Although the STM procedure has undergone many refinements during these studies (reviewed in ref- erence 26) , all reinforce the belief that STM is a powerful approach for screening the genomes of microorganisms for genes that enable bacteria to survive in their natural habitats.
In order to adapt this technique to study bacteria of environmental significance, we chose two model organisms. These are representative of sediment-dwelling anaerobic bacteria that carry out important functions in their environments. Sulfate-reducing bacteria, such as Desulfovibrio desulfuricans G20, are involved in the reductive arm of the sulfur cycle and play critical roles in degrading organic compounds in sulfate-and organic-rich environments (15, 42) . Shewanella oneidensis MR-1 is from a genus shown to be abundant in a variety of sedimentary environments, and Shewanella species have been used as models for studying Fe(III) (40) and radionuclide [U(VI) and Tc(VII)] transformations (13, 29) . With these organisms, difficulty in achieving high efficiency and random transposition with transposon systems similar to those used in prior STM or general mutagenesis studies led us to screen a number of transposon-containing vectors. The availability of microarray technology led us to modify the screening process of the STM procedure, enabling us to mass produce microarray slides with printed tags. The microarray system also enabled us to downsize equipment necessary for carrying out hybridizations. This modified approach to STM allowed us to identify genes critical to the function of organisms of environmental significance, such as anaerobic, sediment-dwelling bacteria.
MATERIALS AND METHODS

Strains and media.
A general outline of the entire STM procedure appears in Fig. 1 . A list of strains and plasmids used in this study is given in Table 1 . Strain G20 was grown in lactate-sulfate (LS) medium prepared as described by Rapp and Wall (44) , using N 2 headspace and vitamin and metal solutions as described elsewhere (50) . Prior to autoclaving, the pH was adjusted to 7.2, and after autoclaving, 8 mM bicarbonate and 0.025% cysteine were added from anaerobic stock solutions. For growth of G20 on solid media, LS agar medium (1.5% agar) was prepared, with the addition of 0.005% PdCl 2 (rather than cysteine), a catalyst for reduction of the medium by H 2 (contained within the anaerobic chamber). These plates were poured on the bench, and following solidification, the oxidized plates (pink from resazurin redox indicator) were dried overnight in a laminar flow hood and then moved into an anaerobic chamber and reduced overnight. S. oneidensis MR-1 was maintained aerobically on standard Luria broth (LB) medium and grown anaerobically with a modified LS medium [25 mM Fe(III)-citrate in place of sulfate, 50 mM lactate, no bicarbonate or cysteine, pH 7] . A minimal lactate medium was also used for aerobic growth where indicated [amended LS medium with Fe(III)-citrate omitted]. For selection of transposon mutants, 175 g/ml kanamycin was added to agar plates prepared as described above for G20 and 50 g/ml kanamycin was added to LB plates for MR-1. Escherichia coli strains were cultured in LB supplemented with appropriate antibiotics. Additionally, strain ␤-2155 required 0.05% diaminopimelic acid (DAP) for growth with LB medium. G20 and E. coli strains were grown at 37°C, while MR-1 was grown at 30°C. A period of 3 days was necessary for colonies of G20 to appear on solid media, while 18 h was sufficient to generate 1-to 2-mm-diameter colonies of MR-1.
For construction of our tagged-transposon mutant libraries, we used strains of G20 and MR-1 that had been adapted to sediment conditions. In order to generate these strains, G20 and MR-1 Rf r Sm r were incubated individually in sediment microcosms as described in greater detail below (see "Initial sediment survival experiments") and subsequently reisolated at the time of peak growth (8 to 9 days for G20 and 3 days for MR-1) based on nalidixic acid (200 g/ml) resistance for G20 and streptomycin (300 g/ml) resistance for MR-1. By utilizing such strains (now termed G20sediment and MR-1sediment) that have adjusted to sediment conditions, we hoped to avoid problems with adaptation to environmental conditions and the possibility that important functions may have been suppressed during repeated transfer in laboratory media.
Plasmids were provided by Dianne Newman (pBSL180), Judy Wall (pRK2096, pRK2073, and pRL1058a), and Gerben Zylstra (pTnMod-RKm and pTnMod-OGm).
FIG. 1. Overview of STM for G20 and MR-1 sediment survival studies. Although 96 tags were originally designed and moved into E. coli ␤-2155 on pBSL180, only 60 were used for conjugation with G20 and MR-1. This model therefore shows assembly of 60 G20 and MR-1 mutants in each one of 96 "mutant pools."
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Tag design and screening for cross hybridization among tags. Based upon tag sequences in a previously described STM system (19), we designed 96 singlestranded DNA tags, each with a 40-nucleotide (nt) variable region flanked by constant arms common to all tags: 5Ј-CTAGGTACCTACAACCTCAAGCTT-[NK] 20 -AAGCTTGGTTAGAATGGGTACCATG-3Ј, where [NK] 20 represents the 40-nt variable region; N is A, C, G, or T; and K is G or T. This design prevented KpnI sites, necessary for later cloning steps, from being incorporated into the tag sequence. Following the individual synthesis of 89-nt single-stranded tags (Integrated DNA Technologies, Inc., Coralville, Iowa), all 96 tags were individually amplified in PCRs using primers P3 and P5 (homologous to the common arms of all tags) (19) , in order to create double-stranded tags for cloning into pBSL180. Primers P2 and P4 (19) , internal to primers P3 and P5, were used in later steps described below to PCR amplify the unique region of tags prior to hybridization. Double-stranded tags that had been amplified by primers P3 and P5 were individually digested with KpnI (restriction sites present in the common arms) and ligated individually into KpnI-digested pBSL180. Competent cells of E. coli strain CC118 were transformed with the ligation product by using standard electroporation methods. Plasmid isolated with QIAprep spin miniprep kit (QIAGEN) from transformed CC118 cells was then used to electroporate E. coli strain ␤-2155.
We screened all 96 tags for cross hybridization prior to mutagenesis of strains G20sediment and MR-1sediment with each tagged form of pBSL180. Tagged pBSL180 was first isolated from individual E. coli ␤-2155 strains. We PCR amplified and then labeled tags with Cy5 dye as described in "Colony PCR" and "Target preparation" below, except that here we started with purified plasmid for PCR template and not colonies on agar medium. The 96 tags (approximately 100 ng each) were individually PCR amplified in a 96-well plate. We then pooled the well contents (6.25 l of the 50 l PCR mixture) from each column (8 tags per column; 12 columns) and each row (12 tags per row; 8 rows) in order to perform 20 separate labeling reactions for 20 hybridizations to microarray slides. Prior to and following the labeling reaction, DNAs from pooled columns and rows were cleaned with Amersham Microspin G-25 columns. Slides were printed with the 40-bp unique region from the 96 tags (as described below), and hybridization of labeled tags and wash conditions were as described in "Hybridization and washing procedures" below. Based on results discussed further below, we eliminated 36 tags from the study due to cross hybridization. We continued with the 60 remaining tags (sequences of the 40-nt unique region are found in Table S1 in the supplemental material).
Generation of mutant libraries. Conjugations were carried out by picking a single colony and transferring it to either LB (strain MR-1sediment and each E. coli ␤-2155 strain containing a uniquely tagged pBSL180) or LS media (strain G20sediment). The following manipulations were carried out aerobically with MR-1 or in an anaerobic glove box (Coy Laboratory Products, Grass Lake, MI) for G20. G20 and MR-1 were grown for 10 to 20 h. E. coli ␤-2155 with one unique tag in pBSL180 was grown overnight, diluted 1:10 in LB without antibiotic selection, and grown until the optical density at 600 nm (OD 600 ) was approximately equal to that of the recipient organism (0.5 to 1.0). Volumes of E. coli and recipient were centrifuged together (6,000 ϫ g, 10 min) at a 1:1 or 1:2 ratio and then resuspended in 100 l of spent medium from the recipient strain. This mating mixture was placed onto a 0.22-m filter in the center of an LB-DAP plate for 3 h at 30°C (for MR-1) or an LS plate for 6 h at 37°C (for G20). Cells were washed from the filter by immersion into 1 ml of the medium favored by the recipient (no DAP) in 13-by 100-mm glass tubes. Strain MR-1sediment transposon mutants were washed from the filter and then immediately plated onto LB plates supplemented with kanamycin (no DAP), while strain G20sediment transposon mutants were recovered in liquid LS medium with 200 g/ml nalidixic acid for 5 h prior to plating onto LS medium with kanamycin. Nalidixic acid was included in LS medium during the recovery in order to kill E. coli ␤-2155, which could grow on LS medium even without addition of DAP. This conjugation procedure was repeated for each of the remaining 59 ␤-2155 strains harboring a uniquely tagged form of pBSL180.
For each tagged pBSL180, we picked 96 random exconjugants to a 96-well plate. With 60 unique tags, we collected 5,760 mutants in total. Mutants were then reassembled so that one mutant (of 96) from each of the original 60 plates was moved to one other plate. The procedure was repeated 96 times so that each new plate contained a pool of 60 uniquely tagged mutants. We had 96 of these mutant pools to screen in sediment per organism (Fig. 1) . At this stage we also used a random sampling of mutants and standard Southern blotting procedures (3) to determine that single, random transposition events occurred in both G20 and MR-1.
Initial sediment survival experiments. Prior to creation of the transposon mutant libraries, initial sediment survival experiments were carried out for two purposes: to determine when to sacrifice sediment incubations for collection of output pools and to isolate sediment-adapted strains, as described previously. These initial sediment incubations with G20 and MR-1 Rf r Sm r were carried out in a manner similar to that for the mutant pool sediment incubations described below. The only differences were sacrificing replicate microcosms (two bottles per time point for G20 and three bottles per time point for MR-1) at various time points (instead of just at one time point for mutant pools) and selection of recovered cells with solid media containing nalidixic acid (G20) or streptomycin (MR-1). Sizes of inocula were approximately 10 5 to 10 6 cells for both G20 and MR-1.
With MR-1, we added 200 mol amorphous Fe(III) oxyhydroxide, prepared as described previously (33) , in order to shift sediment from sulfate-reducing conditions to Fe(III)-reducing conditions (see "Screening of tagged mutants in natural sediments" below for a description of the sediment collected). Because previous work with STM required some growth of virulent strains in the host (8), we amended MR-1 microcosms with 20 mol lactate in order to stimulate at least a 10-fold increase in cell numbers. In similar microcosms without addition of lactate, we were unable to achieve this amount of growth (data not shown). To assess levels of Fe(III) reduction, cells (1 ml) were first sampled from sediment incubations (as described below), and then the liquid remaining in the bottles was acidified by addition of 250 l 6 N HCl and shaken at room temperature for 30 min. Fe(II) was measured from 0.5 ml acidified sample in each bottle, using the ferrozine assay (32, 33) .
Screening of tagged mutants in natural sediments. Each mutant pool of G20 (60 uniquely tagged mutants) was grown in deep 96-well plates to late log phase (equivalent to an OD 600 in serum tubes of 0.7) with LS medium in an anaerobic glove box. MR-1 pools were grown in shallow 96-well plates and transferred through LB, minimal lactate (aerobic), and finally modified LS medium (grown in anaerobic chamber). MR-1 pools were grown until the Fe(III)-citrate had cleared in most wells. Experiments were then continued independently for each organism but were maintained in an anaerobic glove box. The contents of all 60 wells were then pooled. Pooled cells were washed three times in modified LS anoxic minimal medium buffered with 8.3 mM bicarbonate without addition of the vitamins, trace metals, and electron donor. For G20, Na 2 SO 4 was omitted but the solution contained 8.4 mM MgSO 4 . For MR-1, Fe(III) was omitted; 7 mM NaCl and 2 mM MgCl 2 replaced Na 2 SO 4 and MgSO 4 , respectively (so as not to stimulate the sulfate-reducing population); KH 2 PO 4 was increased to 3.7 mM; NH 4 Cl was reduced to 7.5 mM; and CaCl 2 was dropped to 0.34 mM to avoid precipitation. Washed cells (100 l) were inoculated (ϳ10 5 cells) into 30-ml serum bottles containing 2 g sulfidogenic subsurface sediments from a landfill in Norman, OK, a site characterized in previous studies (4, 5) . The initial water content of these sediments ranges from 10% to 25% of the total weight. Bottles were then flushed with N 2 -CO 2 (4:1), as CO 2 is required to maintain a neutral pH in this system. MR-1 microcosms were amended with 200 mol amorphous Fe(III) oxyhydroxide and 20 mol lactate. One bottle per mutant pool was sacrificed (as described below for output pool) within 3 h for analysis of tags present in the input pool. A duplicate bottle for each mutant pool was incubated in the dark at room temperature for 8 to 9 days (G20) or 5 to 6 days (MR-1) and then sacrificed.
For extraction of cells, anoxic minimal medium buffer (4 ml) was added to the bottles and they were shaken by hand and vortexed for 15 min. Extracted cells were then diluted in the same buffer and plated onto LS plates with 175 g/ml kanamycin in the anaerobic glove box for G20 and aerobically onto LB plates containing 100 g/ml kanamycin for MR-1 (increased from 50 g/ml to decrease the background of kanamycin-resistant sediment organisms). Plates were incubated as described in "Strains and media" above.
Colony PCR. Plates from the dilution series were chosen so that one to two plates containing a total of about 300 colonies were used. Colonies were scraped from plates into the same mineral medium used for inoculation of microcosms, and cells were centrifuged for 1 min (12,000 ϫ g). The pellet from pooled colonies was resuspended in 200 l distilled water (dH 2 O). A portion (50 l) was removed to an Eppendorf tube, and 1 ml dH 2 O was added. The cells were then centrifuged for 1 min, and the supernatant was removed. Washing was repeated four times, and the final pellet was resuspended in 100 l dH 2 O. This was boiled for 5 min, placed on ice for several minutes, and then centrifuged for 2 min. The supernatant (5 l) was used in a 50-l PCR mixture containing 1ϫ PCR buffer; 1.5 mM MgCl 2 ; 0.2 mM each dATP, dCTP, and dGTP; 0.12 mM dTTP; 80 M aminoallyl-dUTP (Molecular Probes); 0.1 M each of primers P2 and P4 (19); and 2.5 U Invitrogen Platinum Taq. PCR parameters were 94°C for 4 min, followed by 30 cycles (G20) or 25 cycles (MR-1) of 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s. All PCRs were performed using the GeneAmp PCR System 9700 (Applied Biosystems) thermal cycler. Following amplification, the reaction mixture was purified with an Amersham Microspin G-25 column according to the instructions of the manufacturer. We compared genomic DNA extracted from cell pellets by using the Invitrogen Easy DNA kit as template in tag labeling PCR to that from the boiling extract procedure described above. In every case tested, results were identical (data not shown).
Target preparation. One vial of Cy5 Mono-Reactive Dye Pack (Amersham) was dissolved in 72 l dimethyl sulfoxide. Aliquots (4.5 l) were distributed into amber Eppendorf tubes and dried completely in a Labconoco Centrivap (60°C, 45 min). The purified PCR product containing aminoallyl-dUTP was also dried in this manner and resuspended in 6 l of 0.1 M Na 2 CO 3 solution (pH 9). This was added to the dried Cy5 dye and incubated for 1 h at room temperature in the dark. The reaction was stopped by addition of 3 l of sodium acetate (3 M, pH 4.5) and 41 l water, and unbound dye was removed with Microspin G-25 columns. Dye incorporation was quantified on a DU530 Life UV/visible spectrophotometer (Beckman Instruments). The labeled PCR product (target) was then dried completely as before and resuspended in 2.5 l water, 50 l Roche digoxigenin hybridization solution, and 2.5 l salmon sperm DNA (Stratagene). Prior to hybridization, the target was heated to 65°C for 5 min and then placed on ice.
Preparation of microarray slides. The 40-nt unique region (see Table S1 in the supplemental material) and its complementary strand for each of 60 tags were synthesized separately (Invitrogen). Equivalent concentrations of the unique regions and their 40-nt complements were mixed to create 60 solutions of approximately 3.3-g/l final concentration in 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). A small fraction of all of these solutions was spotted onto FMB Oligo Slides with poly-L-lysine surface chemistry (Full Moon BioSystems Inc.) using a Generation Array III spotter (Molecular Dynamics), creating 60 spots of approximately 100 m in diameter (probes). On each slide, the unique tags were printed in duplicate in order to check reproducibility within the hybridization. This duplicate set was also printed on both ends of the slide, enabling us to simultaneously compare input (hybridized on one half of the slide) and output (hybridized on the other half of the slide) pools. Spotted slides were stored desiccated until ready for use within 2 months of preparation. Prior to use, slides were rehydrated briefly with steam, immediately dried on a heat block, UV cross-linked, and then blocked using a succinic anhydride blocking solution (http://omrf.ouhsc.edu/ϳfrank/M_Slide_Blocking_Protocol.html).
To demonstrate that the probes were not washed from the slides during hybridizations or washes, we compared rehydrated and UV-cross-linked slides that were stained for 5 min at room temperature with SYTO 61 red-fluorescent nucleic acid stain (Molecular Probes; 1 l in 50 l Tris-EDTA buffer spread over spotted probes on each half of slides) either prior to or after the hybridization (no labeled target was applied with hybridization solution) and washing procedures described below. Slides were washed in Tris-EDTA buffer to remove the excess DNA stain, dried with 95% ethanol, and scanned at 650 nm using GenePix Pro 5.1 from Axon Instruments to compare the intensities of each stained probe before and after hybridization/washing procedures.
Hybridization and washing procedures. Each slide was placed into a Corning hybridization chamber, and 22I*25 coverslips (Erie Scientific Company) were placed over each half of the slide (one to cover the input pool and one to cover the output pool). Approximately 20 to 25 l (ϳ100 pmol) of target was added beneath each coverslip, and hybridization units were incubated in a water bath at 37°C overnight. Prior to washing, slides were dipped in dH 2 O to remove the coverslips. Following all washing procedures (see below), slides were dried under a gentle stream of nitrogen. Scanning (650 nm) and spot intensity analyses were performed using GenePix Pro 5.1 from Axon Instruments. Background was assessed locally and subtracted from each spot by using the companion software. A negative response was set at any signal below 3 times the background level. This cutoff was based on the relative variability of the background.
For washing solutions, we tested a low-stringency (high-salt) procedure and a high-stringency (low-salt) procedure to determine which one resulted in fewer cross hybridizations among the original 96 tags. Comparisons were carried out by pooling columns and rows as described in "Tag design and screening for cross hybridization among tags" above. The low-stringency wash consisted of a series of washes (10 min each at room temperature) with 2ϫ SSC-0.1% SDS, 1ϫ SSC-0.1% SDS, 1ϫ SSC, and 0.5ϫ SSC. For the high-stringency wash (from the Full Moon Oligo Slides protocol), slides were washed in 0.2ϫ SSC-0.2% SDS solution (prewarmed to 55°C) for 30 min on a shaker at room temperature. Slides were then removed from the first wash, dipped twice in 0.2ϫ SSC (also prewarmed to 55°C), and then dipped three times in room temperature dH 2 O. Following analysis of spot intensities, the high-stringency wash was chosen for our STM method (see Results), as fewer tags exhibited cross hybridization with this protocol.
Following analysis of these hybridizations, we attempted to decrease cross hybridizations further among 36 tags slated for elimination (out of the original 96
tags) by increasing the wash temperature of slides. Twenty pools of tags were prepared as described in "Tag design and screening for cross hybridization among tags" above. Following hybridizations, replicate slides for each of the 20 pools were washed at 55°C, 60°C, and 65°C using the high-stringency wash solutions. Confirmation of sediment mutants. Potential nonsurviving mutants were defined as having a signal in the input pool but no signal (below 3 times the background level) in the output pool when hybridizations were analyzed. For G20 studies, mutants were confirmed by monitoring the cell number of individual mutants in sediment incubations (carried out exactly as described in "Initial sediment survival experiments" above).
MR-1 mutants were confirmed by subsequent competition experiments in sediment microcosms with parental strain MR-1sediment, as performed in previous STM studies (7, 22) . These competition experiments were similar to mutant pool incubations, except that now only one transposon mutant and strain MR1sediment were inoculated together in a 100-l volume (ϳ10 3 cells each) of the anoxic minimal medium buffer described above. The inoculum size was lowered from that used in mutant pools (10 5 total cells) to reflect the approximate concentration of one tagged mutant among 59 other tagged mutants. Following extraction of replicate microcosms (in duplicate bottles) with anoxic minimal medium buffer at 0 and 5 days, surviving cells were plated onto LB plus kanamycin (100 g/ml) and LB plus streptomycin (300 g/ml). The transposon mutant was enumerated by colony counts on kanamycin plates, while the number of recovered strain MR-1sediment CFU was the difference between kanamycin (mutant) and streptomycin (total) plate counts. These numbers were used to calculate a competitive index (CI), a measure of output ratio of mutant to parent strain/input ratio of mutant to parent strain (7, 22) . Where deemed necessary, a CI was also determined in anoxic Fe(III)-citrate laboratory medium for growth of individual potential nonsurvivors competing with strain MR-1sediment (inoculated with ϳ10 6 to 10 7 cells each, from separate, mid-log-phase aerobic lactate medium cultures). The output ratio in this case was determined by total cell count taken when the brown coloration of Fe(III)-citrate medium was beginning to clear. In previous growth experiments, we monitored cell number (by plating onto LB medium) and Fe(II) accumulation (ferrozine assay described above) in this medium and determined that clearing occurred near the mid-log phase of growth and as a result of Fe(III) reduction to Fe(II) (data not shown).
Arbitrary PCR and identification of interrupted genes. Arbitrary PCR was used to determine the DNA sequences of the sites of transposon insertion in confirmed sediment-impaired mutants and was modified from previous procedures (36, 41) . Approximately 3 ml of overnight mutant culture was centrifuged and washed, and DNA was extracted using the colony PCR protocol described above. In all PCRs, the Expand Long Template PCR system (Roche) was used according to the manufacturer's instructions. For the first round of PCR (25-l reaction mixture), 5 l supernatant from the prepared pellet was used with primers Tn10ext (5ЈGTGTTCCGCTTCCTTTAGCAGC3Ј) and Arb1 (41) . Parameters were (i) 95°C for 5 min; (ii) 15 cycles of 95°C for 45 s, 40°C for 45 s, and 68°C for 1 min; and (iii) 20 cycles of 95°C for 45 s, 45°C for 45 s, and 68°C for 1 min. For the second round of PCR (50-l reaction mixture), 2 l of first-round product was used with primers Tn10seq (5ЈGTCGACGGTATCGATAAGCTT G3Ј) and Arb2 (41) . Parameters were (i) 95°C for 5 min; (ii) 15 cycles of 95°C for 45 s, 45°C for 45 s, and 68°C for 1 min; and (iii) 15 cycles of 95°C for 45 s, 50°C for 45 s, and 68°C for 1 min. The resultant PCR product was purified with the PCR purification kit from QIAGEN and sequenced directly using the Tn10seq primer. For identification of the interrupted gene, sequence obtained from arbitrary PCR was compared to the NCBI database by using blastn. The genome sequence for MR-1 has been published (17), while annotation completed to date for G20 is available at http://www.ncbi.nlm.nih.gov/genomes/framik.cgi?db ϭ genome&gi ϭ 5163.
RESULTS
Transposition system for G20 and MR-1. Wall et al. (54) described several vectors suitable for transposon mutagenesis in D. desulfuricans G20. We mutagenized strain G20 and other strains of Desulfovibrio with several of these vectors, using both conjugation and electroporation procedures. Although we observed efficient transformation (Table 2) using the Tn7-based pRK2096, transposon insertion (as determined by Southern blot hybridization) was not random (data not shown). Subsequent electroporation experiments using Tn5-based pRL1058a resulted in low transformation efficiency (four transformants/g DNA). Additionally, Southern blot analysis of mutant chromosomal DNA showed only two different insertion patterns (among 10 mutants tested) (data not shown). We attempted to improve the efficiency of pRL1058a transposition by inserting the Desulfovibrio vulgaris cytochrome c promoter in front of the kanamycin resistance gene of the Tn5 transposon. This promoter has been used to express different genes in Desulfovibrio and E. coli (6, 52) . Although the transformation efficiency did increase slightly, this modification (plasmid designated pQL1058a) did not result in random insertions. This was possibly due to transposon instability, since the transposase gene was encoded on the transposon (11) .
We also tested the ability of several other vectors to mutagenize G20, using both electroporation and conjugation. These included pTnMod-RKm and pTnMod-OGm, two miniTn5 plasmids that have transposase encoded outside the transposon (10), and pMycoMar, with a mariner transposon (1) . In all cases, no transposon mutants were obtained with G20. One commercially available kit with Tn5 and transposase mix (Epicenter) was also used for electroporation into G20, but the transformation efficiency was very low (Table 2) .
For transposon mutagenesis of MR-1, we obtained a miniTn10 plasmid, pBSL180 (Table 1) , whose features include a relatively small size (6.3 kb), an R6K origin of replication (requires the protein for replication), a kanamycin resistance gene (nptII), and the multiple cloning site of pBluescriptII within the Tn10, as well as a mutant ATS Tn10 transposase gene encoded outside the transposon (2). The R6K origin of replication is critical for use in transposon mutagenesis of MR-1, as many plasmids, including those with origins such as p15A and pMB1, are capable of replicating in Shewanella (37; our results; D. Lies, personal communication). The importance of the mutant ATS Tn10 transposase is that it displays a lower degree of insertion specificity than the wild-type Tn10 transposase, which is known to insert into hot spots (25) .
Fortuitously, by conjugating E. coli strain ␤-2155 harboring pBSL180 with G20, we found that the frequency of conjugation b Electroporation was carried out as previously described (49) with the following modifications. Cells were harvested at late log phase with an OD 600 of 0.6 to 0.7. To maintain osmolarity similar to that of G20, 400 mM sucrose with 1 mM MgCl 2 was used as both washing and electroporation buffers. Electroporation was performed in an anaerobic glove box, after which cells were immediately recovered in 400 l of LS medium.
c Frequency represents the number of antibiotic-resistant CFU divided by the number of recipient CFU in conjugation experiments. Efficiency represents transformants per microgram of DNA used in electroporation experiments.
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was sufficient (Table 2) for us to create STM mutant libraries with this mutagenesis system in both G20 and MR-1. Southern blot analysis confirmed that mutations occurred randomly in the strain G20 chromosome (Fig. 2) . Random transposition was previously shown for MR-1 (40) and through Southern blotting performed in our study (data not shown). Probe preparation for spotting. Complementary oligonucleotide pairs of the unique region for each tag served as the probe (40 bp). In initial experiments, we tested the effect on the hybridization signal of the concentration of probe DNA (10 ng/l, 300 ng/l, 670 ng/l, or 3.3 g/l) used in spotting. Spots with 3.3 g/l of 40-bp DNA produced the strongest hybridization signal. Spot intensities for the remaining concentrations were 2%, 5%, and 32%, respectively, relative to 3.3 g/l.
We then compared spotted slides that were incubated with SYTO 61 red-fluorescent nucleic acid stain added either before or after hybridization/washing procedures. We observed that fluorescence from the DNA stain did not change during the hybridization and washing steps (data not shown), indicating that the majority of spotted DNA remained bound to our slides. This also indicated that 3ϫ SSC, commonly used in microarray spotting at the time (47), was sufficient for spotting our double-stranded probes to the glass slide.
Hybridization and washing conditions. Prior to hybridization, blocking of slides was found to be essential to achieve reproducible results, as it allowed for even spreading of target across the spotted slide surface. Comparison of two washing protocols showed that the high-stringency wash yielded the strongest signal with minimal cross hybridization (Fig. 3) .
With this chosen washing condition, we investigated whether increasing the washing temperature above room temperature could eliminate the cross hybridization of 36 tags slated for elimination. We found that the chosen increases in wash temperature failed to reduce cross hybridizations and actually decreased spot intensities of all specific hybridizations (Table 3) . These 36 tags were eliminated based on these results and those from the cross hybridization screen (by columns and rows as described in Materials and Methods). Sixty of the original 96 synthesized tags remained for mutagenesis of G20 and MR-1 (see Table S1 in the supplemental material for tag sequences).
Initial sediment survival experiments. Initial sediment survival tests were performed to determine how long incubations should proceed before extraction of surviving mutants. From initial sediment survival tests of G20, we found that peak growth (approximately 20-fold over the initial inoculum level) was reached after 8 to 9 days of incubation at room temperature (Fig. 4a) . As we believed that this amount of growth would a The number given is the fraction of the observed signal intensity relative to that for the 55°C-preheated wash solution with room temperature washing. For generation of these data, one slide spotted with duplicate arrays was used. The signal was averaged from these two arrays.
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STM IN ENVIRONMENTAL BACTERIA 7069 be sufficient to select nonsurvivors from survivors, STM screens were carried out at this time point for G20. From initial survival tests of MR-1, we found that it was necessary to supply sediments with lactate in order for MR-1 to grow at least 10-fold and to remain at concentrations above the initial inoculum concentration for at least 7 days (Fig. 4b) . We then chose to sacrifice MR-1 STM microcosms [amended with Fe(III) oxyhydroxide and lactate] at 5 to 6 days, a time point at which Fe(III) reduction was occurring, as evidenced by Fe(II) accumulation in initial sediment survival experiments (Fig. 4b) . Screening of tagged mutants in natural sediments. To investigate recovery of tags from the input and output pools, we initially varied the number of colonies pooled for production of labeled target. In these early trials, we compared collections of 300, 700, and 3,500 colonies and found that pooled target from these resulted in similar hybridizations for some mutant pools but that on occasion, pooled target from more than 300 colonies could contribute to weak hybridization signals for mutants that might actually have been impaired in sediment survival. To ensure that we would not miss potentially impaired mutants, we elected to use approximately 300 colonies for recovery in subsequent sediment screens.
With regard to optimization of the number of PCR cycles, we observed that 30 PCR cycles with wild-type MR-1 genomic DNA as the template generated an unknown labeled target that hybridized weakly to some probe sequences spotted on the glass slide. We cannot explain why this occurred, because wildtype MR-1 does not contain any of the 60 tags and therefore should not generate target that hybridizes with our array, but we did find that using only 25 PCR cycles eliminated this background hybridization.
To test the reproducibility of our STM screening procedure, several mutant pools were run through independent replicate sediment microcosms. Target was labeled from 300 colonies collected from each independent microcosm, and hybridizations on separate slides were performed. In all cases, hybridizations identified the same potentially impaired sediment mutants, and the same survivors appeared among all replicates (data not shown). On account of this and the fact that we performed a confirmation step for each potential nonsurvivor to ensure that we had correctly identified mutants impaired in sediment survival, we hybridized DNA from a single microcosm for each of the 96 mutant pools of each organism.
A total of 96 mutant pools (of both G20 and MR-1), containing 60 uniquely tagged mutants in each pool, were grown as described in Materials and Methods, washed, and inoculated into sulfidogenic subsurface sediment microcosms [amended with Fe(III) and lactate for MR-1]. Potential nonsurviving mutants, defined as producing essentially no signal (below 3 times the background level) when hybridized slides were analyzed (a sample input versus output pool hybridization is shown in Fig. 5) , were confirmed by subsequent competition experiments. In general, cell numbers for truly impaired MR-1 mutants were 20 to 30% of those for the parent strain when both were recovered after 5 days of incubation in competition sediment microcosms (data not shown). For G20, cell numbers of impaired mutants decreased to 0 to 9% of the initial inoculum. As a comparison, G20 mutants that survived in sediment had individual recoveries above 500% of the inoculum concentration. Of 208 potential sediment-impaired mutants for G20 identified during the first screening, 117 were confirmed by independent reinoculation of each into sediment. Of 86 poten- tial sediment-impaired mutants for MR-1, 56 were confirmed by competition experiments, but 8 of these were also impaired in Fe(III)-citrate growth. Validation of the methods described herein. In order to validate our method, we present chemotaxis genes that our STM study identified in both G20 and MR-1. For MR-1, the interrupted gene SO2323 had a CI in sediment of 0.1 Ϯ 0.02, confirming its impaired status in sediment. The CI for Fe(III)-citrate growth was not determined for this mutant, as its growth in this medium appeared similar to growth observed for the parent strain prior to inoculation of these strains together in sediment competition experiments. SO2323 encodes a putative methyl-accepting chemotaxis protein (MCP) and starts a multicistronic operon of five genes putatively involved in chemotaxis functions. Similar genes may also be present in other environmental bacteria, as evidenced by protein sequence similarities across entire putative MCPs present in Magnetococcus sp. strain MC-1 and D. vulgaris Hildenborough (37 and 32% identity, respectively), while similarity to other bacterial proteins is restricted to the conserved C-terminal half of the protein.
A G20 transposon mutant with a similar gene (VIMMS392990) interrupted was recovered at 4% of the original inoculum concentration when inoculated back into sediment microcosms on its own. This gene is a monocistronic operon. Best similarity to other environmental organisms exists with sequences for MCPs in the NCBI protein database for D. vulgaris (designated DcrH) and Geobacter sulfurreducens PCA (41 and 44% similarity, respectively), as well as 42% similarity to one protein of Geobacter metallireducens. Similarity to protein sequences from these ␦-Proteobacteria occurs mainly within the C-terminal region of the protein. Interestingly, this protein is orthologous to an MCP of Vibrio cholerae and Shewanella oneidensis MR-1 across the entire protein, but with a lower degree of homology.
The vast number of genes identified in both organisms cannot be discussed thoroughly in this paper, which focuses on development of a novel STM method for environmental bacteria. We will present our genes, confirmation of the genes (through competition experiments or inoculation of individual mutants back into sediment), and discussions of their potential function in sediment survival in future papers for each organism.
DISCUSSION
This paper is the first report on the use of the STM method with environmental microorganisms. Before we could successfully apply STM to detect genes essential for survival of G20 and MR-1 in their specific niches, we had to satisfy three key requirements of STM: a mutagenesis procedure that provides efficient and random transposition, a model to represent in situ conditions, and a system to screen for transposon mutants impaired in in situ survival. We tried several available transposon systems, including vectors previously described as suitable for transposon mutagenesis in D. desulfuricans G20 (54), but found that of all vectors we tested, only the mini-Tn10 transposon system provided both efficient and random transposition for generation of mutant libraries in both Desulfovibrio strain G20 and Shewanella oneidensis MR-1 (5,760 mutants each). While this number of mutants did not constitute a saturating screen of either organism's genome (G20 has 3,862 open reading frames [http://img.jgi.doe.gov/pub/main.cgi?page ϭtaxonDetail&taxon_oidϭ400040000], and MR-1 had 4,758 open reading frames when the sequence was published [17] ), we expected 5,760 mutants to reveal many genes necessary for sediment survival. In former STM studies, many genes required for survival were identified, whereas fewer mutants had been screened for bacteria with genome sizes comparable to those of MR-1 and G20 (34) .
Just as optimization of the animal host model was important for studying pathogens by STM (reviewed in reference 8), a model sediment system for our environmental microbes had to be optimized, considering parameters such as pool complexity, inoculum concentration, time course for incubations, and recovery of surviving mutants. The simultaneous use of 60 tagged mutants in our study, a number falling between the 48 (7) and 96 (35) tagged mutants used in pathogenic studies with reusable tags, did not present a pool complexity problem, a condition described in reference 8) in relation to STM pathogen studies. By repeating incubation and hybridization of several pools early into development of our method, we found that the same mutants were consistently identified as impaired. An inoculum size similar to that used in prior STM studies (19, 35) was found to be suitable for our study. The time point at which each organism's mutant pool was extracted was determined from preliminary sediment incubations and occurred following growth of cells, a condition necessary in pathogen STM studies to select virulent strains from avirulent strains (8) .
The optimized procedure that we have developed samples fewer colonies from sediment than prior STM studies have used for the host (19, 35) . Screening this smaller number ensured that we would not miss potentially impaired mutants, but we had to contend with more false negatives (mutants exhibiting no hybridization signal in the output pool that were subsequently shown to survive in confirmation experiments). The purpose of the secondary screen (competition experiments or inoculation of individual mutants back into sediment) was to identify those mutants that were truly attenuated in sediment survival. Competition experiments with MR-1 showed that impaired mutant cell numbers at 5 days were 20 to 30% of cell numbers for the parent strain. Since 300 colonies would give each tag the chance of being represented five times (if all 60 tagged mutants grew equally and had the same chance of being picked for the 300-colony pool), collection of more colonies could have masked these mutants.
To help reduce the frequency of false negatives and confirmation experiments, at least duplicate replications of microcosms and microarrays would need to be incorporated into the experimental design. Replicates may also alleviate some problems associated with inherent factors of the STM protocol (e.g., soil heterogeneity and technical issues with PCR and microarrays) that may influence whether or not mutant tags are observed.
Despite the breakthrough made by the original STM method in identification of virulence-related genes in pathogenesis studies, the use of standard dot blotting techniques for pool analysis does not allow for efficient screening of mutants (19) . In this respect, the technique was subsequently improved with a PCR-based STM (28) . This system uses 12 tags designed and synthesized for specific and optimal PCR detection. Using this method, 12 libraries (one for each unique tag) are obtained, and single mutants from each library are picked to form pools comprised of 12 different mutants. The screening process consists of a separate PCR for each of the 12 tags. Agarose gels obviate the need for hybridizations by showing whether a PCR product is amplified with each tag as a primer paired with a universal primer within the kanamycin resistance gene of the transposon (28) . Recently more tags have been designed for use in this PCR-based STM (43) , increasing the number of mutants that can be screened at once to 72. This involves the use of additional tags as well as three different miniTn5 vectors. Groups of mutants are screened in a similar manner as when there were only 12 tags, but by using multiplex PCR. The disadvantage of this system is that more than one mutagenesis vector may not be available for organisms in which genetic systems are not fully developed (as with many environmentally relevant bacteria). The alternative is to increase the number of PCRs, increasing the cost and the labor involved. For the procedure described in this paper, the addition of more tag sequences to one vector used to create mutant pools achieves the same result as using multiple vectors to increase the number of uniquely tagged mutants.
A separate method that aimed at more efficient screening of mutants applied high-density oligonucleotide array technology, as developed by Affymetrix (30) , to screen double-tagged transposon mutants (22) . This technology involves synthesis of oligonucleotides directly on the array by using a combination of photolithography and oligonucleotide chemistry, while the method described here utilizes mechanical microspotting (for a more detailed comparison, see reference 46). At present, the advantage of our approach is affordability, because STM requires the screening of a large number of mutant pools, dependent on the number of unique tags employed, by individual hybridizations. Furthermore, our method uses only one array per pool, as each slide is spotted with the set of 60 probes on both ends, allowing simultaneous analysis of input and output pools. While the photolithographic approach may provide quantitative fitness data (48, 56) , our approach satisfies the original intent of STM and currently does so at lower costs. For STM, quantitative data relevant to survival can also be assessed through studies of each individual impaired mutant that was identified by the screening process, rather than in the screen itself.
A final advantage of our method is that there is no need to digest and purify the 18-bp conserved arms from the labeled tag targets prior to hybridization, because only the 40-bp variable region is immobilized on the array as the probe. The early STM studies required an additional step to remove the invariable arms from the labeled probes ("target" in microarray terminology) prior to blot hybridization with colonies or plasmids containing the tagged transposons (19, 35) .
Sequencing of interrupted genes in confirmed mutants from each organism identified MCPs as critical for sediment survival of both G20 and MR-1. While sequence similarity to these chemotaxis proteins exists with other proteins within MR-1 and G20, this similarity is confined mainly to C-terminal regions that are conserved across diverse MCPs and not to the variable N-terminal region comprising the periplasmic domain that is involved in recognition of specific attractants and repellants (51) . Finding these genes validates our screen in that we expect chemotaxis response proteins to be necessary for bacteria to react to attractants and repellents encountered in their environment in order to compete with surrounding microorganisms. An earlier study has shown that a chemotactic strain of Pseudomonas fluorescens survived significantly better in sediment than a nonmotile strain, while the strains had equivalent growth rates in liquid media (23) .
At this time we do not know the specific environmental stimuli for the chemotaxis proteins in our survival studies, but both Desulfovibrio and Shewanella have demonstrated chemotaxis in previous studies. MR-1 displayed chemotaxis to certain electron acceptors, while there was no tactic response to ferric citrate and Mn(IV) oxide (39) . In addition, besides a weak response for formate, MR-1 did not display a tactic response to other carbon sources tested (39) . Another study on chemotaxis in Geobacter metallireducens reported that MR-1 is not motile when grown with Fe(III) oxide in motility plate assays (9) . D. vulgaris has shown a chemotactic response to oxygen concentration or redox potential of the environment, and chemotaxis may help the cells find an optimal anaerobic environment (12) .
In summary, adapting microarray technology to STM enabled us to mass produce microarray slides spotted with our tags as probes and to downsize the equipment necessary for carrying out hybridizations. We created tagged vectors which we demonstrated were suitable for mutagenizing environmentally significant members of the ␦-and ␥-Proteobacteria. This system may be applicable to a variety of environmental bacteria, creating many possibilities for future research areas re- garding in situ activities of these bacteria, as in bioremediation and geomicrobiological processes.
